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ABSTRACT
We report spatial distributions of the Fe-Kα line at 6.4 keV and the CO(J = 2–1) line at 230.538 GHz
in NGC 2110, which are respectively revealed by Chandra and ALMA at ≈ 0.5 arcsec. A Chandra 6.2–
6.5 keV-to-3.0–6.0 keV image suggests that the Fe-Kα emission extends preferentially in a northwest-
to-southeast direction out to ∼ 3 arcsec, or 500 pc, on each side. Spatially-resolved spectral analyses
support this by finding significant Fe-Kα emission lines only in northwest and southeast regions.
Moreover, their equivalent widths are found ∼ 1.5 keV, indicative for the fluorescence by nuclear X-ray
irradiation as the physical origin. By contrast, CO(J = 2–1) emission is weak therein. For quantitative
discussion, we derive ionization parameters by following an X-ray dominated region (XDR) model. We
then find them high enough to interpret the weakness as the result of X-ray dissociation of CO and/or
H2. Another possibility also remains that COmolecules follow a super-thermal distribution, resulting in
brighter emission in higher-J lines. Further follow-up observations are encouraged to draw a conclusion
on what predominantly changes the inter-stellar matter properties, and whether the X-ray irradiation
eventually affects the surrounding star formation as an AGN feedback.
Keywords: galaxies: active – galaxies: individual (NGC 2110) – X-rays: galaxies – submm/mm:
galaxies
1. INTRODUCTION
Harsh radiation from a mass accreting super-massive
black hole (SMBH), or an active galactic nucleus (AGN),
can change thermal and chemical properties of the sur-
rounding inter-stellar medium (ISM). The SMBH is usu-
ally present in the center of a massive galaxy, and it
has been suggested that the SMBH and host galaxy
have grown while affecting each other (i.e., the co-
evolution; e.g., Magorrian et al. 1998; Marconi & Hunt
2003; Gebhardt et al. 2000; Ferrarese & Merritt 2000;
Kormendy & Ho 2013). This implies that the host
galaxy has formed stars while being subject to the AGN
radiation. Thus, towards the complete understanding
of the galaxy growth, the study of the AGN radiative
effect is important.
The AGN is more X-ray luminous than stars, and
affects the ISM in a fundamentally different way.
Also, because of the high energy of X-ray photons,
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the AGN X-ray emission is expected to largely af-
fect ISM properties. Such a region subject to the
X-ray emission is conventionally referred to as the X-
ray dominated region (XDR; e.g., Krolik & Kallman
1983; Lepp & Dalgarno 1996; Maloney et al. 1996;
Maloney 1999), and has been often studied theoret-
ically (Usero et al. 2004; Meijerink & Spaans 2005;
Meijerink et al. 2007; Proga et al. 2014). There was
even a prediction that the X-ray emission changes
the initial stellar mass function by evaporating a
thinner part of a gas cloud and compressing its
thicker part (Hocuk & Spaans 2010, 2011). Among
the predictions compared with observational works
(e.g., Garc´ıa-Burillo et al. 2010; Izumi et al. 2015;
Kawamuro et al. 2019), a noticeable point regarding
the co-evolution would be the X-ray dissociation of
molecular gas. Given a good correlation between the
star-forming region and molecular gas distribution (e.g.,
Kennicutt et al. 2007; Bigiel et al. 2008) and theoreti-
cal arguments (e.g., Glover & Clark 2012; Byrne et al.
2019), star formation can be active in regions where hy-
drogen molecules are efficiently produced. Thus, qual-
itatively, X-ray emission that dissociates molecular gas
may work to inhibit star formation, or as a negative
AGN feedback.
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X-ray-irradiated regions have been often probed with
Chandra (e.g., Young et al. 2001; Wang et al. 2009;
Marinucci et al. 2012, 2013, 2017; Go´mez-Guijarro et al.
2017; Fabbiano et al. 2017, 2019a,b; Kawamuro et al.
2019) by exploiting its high angular resolution (< 0.5
arcsec). A simple way to unveil such regions is to map
the Fe-Kα fluorescent line at 6.4 keV, originated by the
ionization of a K-shell electron due to an X-ray above
the 7.1 keV edge energy. In comparison with focusing
on soft X-ray emission, adopted in many studies, we
can probe X-ray-irradiated denser gas. This is because
the hard X-ray emission that produces the Fe emission
can penetrate into the gas deeply, and the Fe emission
can break out of the gas due to the high penetrating
power. Little contamination from stellar light above 7.1
keV (e.g., LaMassa et al. 2012; Kawamuro et al. 2013;
LaMassa et al. 2017) is also an advantage to purely trace
regions subject to AGN emission.
In this paper, we discuss ISM properties in the central
≈ 1.3 kpc of NGC 2110, which hosts an obscured AGN,
based on the Fe-Kα and CO(J = 2–1) emission lines.
Recently, Rosario et al. (2019) found a region with weak
CO(J = 2–1) emission within ∼ 600 pc of NGC 2110.
This study was then followed by Fabbiano et al. (2019a),
who reported the presence of soft X-ray photons in the
region (see also Evans et al. 2006). Following them, we
provide further pieces of information obtained by con-
straining the Fe-Kα distribution, eventually enabling
quantitative discussion for the weak CO(J = 2–1) emis-
sion.
This paper is organized as follows. In Section 2, we
briefly describe what were previously found and sug-
gested for NGC 2110. Then, Sections 3 and 4 present a
summary of our Chandra and ALMA datasets and their
analyses, respectively. Section 5 is dedicated to discus-
sion. Finally, the summary of this paper is presented in
Section 6. Unless otherwise noted, errors are quoted at
the 1σ confidence level for a single parameter of interest.
2. NGC 2110
NGC 2110 is located at a redshift of 0.00779 (cz =
2335±20 km s−1), determined from an optical Mg b ab-
sorption line by Nelson & Whittle (1995). Under the
assumption of a ΛCDM cosmology with H0 = 70 km
m−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7, the luminosity
and angular distances are 33.6 Mpc and 33.0 Mpc (i.e.,
1 arcsec ≈ 160 pc). An optical center of the galaxy is
(R.A., Dec. = 88.047420, −7.456212 = 5h52m11.381s,
−7d27m22.36s) (Clements 1983). The galaxy is catego-
rized as an early type S0 galaxy (de Vaucouleurs et al.
1991), and the stellar mass was estimated to be ∼
1010.6 Msun (Koss et al. 2011). Also, molecular and
atomic hydrogen gases distribute on scales of ∼ 200–600
pc, and their masses would amount to ∼ 108 Msun and
∼ 107 Msun, respectively (e.g., Gallimore et al. 1999;
Rosario et al. 2019).
NGC 2110 hosts a type-2 AGN (Bradt et al. 1978;
McClintock et al. 1979; Shuder 1980). The detection of
polarized broad Hα emission by Moran et al. (2007) sug-
gests the presence of a type-1-AGN-like core, however
obscured by dust. Because of the obscuration, the nu-
clear structure was often investigated by X-ray observa-
tions since Bradt et al. (1978). Observed X-ray spectra
showed Fe-Kα emission with a velocity width of ∼ 2000
km s−1 (Shu et al. 2010) and time-variable absorptions
with column densities of NH ∼ a few× 1022 cm−2 (e.g.,
Bradt et al. 1978; Hayashi et al. 1996; Rivers et al.
2014; Marinucci et al. 2015; Kawamuro et al. 2016).
Thus, an amount of matter is likely located around the
nucleus, and may form a putative torus. Absorption-
corrected 2–10 keV luminosities were measured to be
∼ 1042−43 erg s−1(e.g., Mushotzky 1982; Weaver et al.
1995; Rivers et al. 2014; Kawamuro et al. 2018).
NGC 2110 has been a good target to study im-
pacts of the jet and nuclear radiation on the ISM si-
multaneously. Indeed, a radio jet in a north-south
direction is clearly seen from parsec to ≈ 600 pc
scales (e.g., Ulvestad & Wilson 1983; Nagar et al.
1999; Mundell et al. 2000). For example, an impact
of the jet on the ISM was indicated by NIR [Fe II]
emission bright in the north-south direction (e.g.,
Storchi-Bergmann et al. 1999; Durre´ & Mould 2014;
Diniz et al. 2015, 2019). On the other hand, regions
subject to the nuclear UV radiation were suggested
from distributions of hydrogen emission lines extending
with an angle ∼ 30 degrees from north to west (e.g.,
Wilson & Baldwin 1985; Pogge 1989; Mulchaey et al.
1994; Gonza´lez Delgado et al. 2002; Ferruit et al. 2004).
Moreover, soft X-ray (< 2 keV) emission found out
to ∼ a few kpc would suggest that the nuclear X-ray
emission also contributes to excitation of ambient gas
(Weaver et al. 1995; Evans et al. 2006; Fabbiano et al.
2019a).
3. OBSERVATION DATA
3.1. Chandra data
We analyzed one Chandra/ACIS-S (Garmire et al.
2003) imaging data of NGC 2110 (ObsID = 883)1 to
probe X-ray-irradiated regions. Our analysis utilized
the standard data analysis package CIAO (ver. 4.9) and
a calibration database of CALDB (ver. 4.7.6). The raw
data was reprocessed with the standard chandra repro
command. Periods with slight increase of background
rates were found during the observation and were fil-
tered out. An exposure of ≈ 45 ksec was left for further
1 Although NGC 2110 was observed three times via the High-
Energy Transmission Grating (Canizares et al. 2005), the ob-
served data were not utilized in this study. This was because
the data in the 0th order, equivalent to imaging, seem to have
non-negligible inconsistency regarding spatial distributions with
simulated data by the MARX software, which played an impor-
tant role in our analysis (Section 4.1.2).
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analyses. The pile-up effect, where more than one pho-
tons are counted as one photon within a single readout,
was checked by using pileup map. Only in the central
1 arcsec region (Figure 1), pile-up fractions were larger
than 5%. Because our interest is in spatially-extended
emission, we do not further discuss the central region.
Accuracy of the absolute coordinates of the Chan-
dra image was checked by comparing with the radio
emission. The peak of counts at 3–7 keV, where a
nuclear-emission was dominant (Section 4.1.2; e.g.,
Rivers et al. 2014; Kawamuro et al. 2016), was found
at (R.A., Dec. = 5h52m11.367s, −7d27m22.496s). This
differed only by ≈ 0.15 arcsec from the radio emission
peak at (R.A, Dec. = 05h52m11.377s, −7d27m22.492s)
(see Section 4.2.1). Thus, no correction for the image
was made.
3.2. ALMA
We utilized the Band 6 (∼ 270 GHz) ALMA data with
the program ID = #2012.1.00474.S (PI: N. Nagar). The
data was taken with an on-source exposure of 2.2 ksec on
2015 March 14, when 37 antennas were operated. It cov-
ered CO(J = 2–1) emission at the rest-frame frequency
of νrest = 230.538 GHz. The maximum angular scale,
which can be recovered from observations, was ∼ 8.6
arcsec (≈ 1.38 kpc) from a minimum projected baseline
of 19 m. This was larger than the central ≈ 1.3 kpc, or
8 arcsec, scale structure of interest. A spectral window
that covered CO(J = 2–1) emission had a total band-
width of 1.875 GHz with a central frequency of 228.792
GHz and 1920 channels. The raw spectral resolution
was 0.98 MHz (≈ 1.3 km s−1), but eight spectral ele-
ments were binned to achieve a resolution of ≈ 7.8 MHz
(10 km s−1), as explained in Section 4.2.1. Standard
flux, bandpass, and phase calibrations were made by
observing Ganymede, J0423-0120, and J0541-0541, re-
spectively. Detailed analyses of this data is described in
Section 4.2.
4. DATA ANALYSIS
4.1. Chandra data analysis
In the former part of this subsection (Sections 4.1.1
and 4.1.2), we describe imaging analyses and show ex-
tended X-ray emission. Then, we present spatially-
resolved spectral analyses, confirming the extension.
4.1.1. Observed high-angular resolution X-ray images
We show Chandra 3.0–6.0 keV and 6.2-6.5 keV im-
ages in Figure 1, respectively giving brief impressions
about spatial distributions of continuum emission and
the 6.4 keV Fe-Kα line. They were made by sampling
counts on a sub-pixel scale of 0.0615×0.0615 arcsec2,
that is, by adopting the energy-dependent sub-pixel
event-re-positioning algorithm (e.g., Tsunemi et al.
2001; Mori et al. 2001; Li et al. 2003, 2004). Then,
we made smoothing via a Gaussian kernel with FWHM
= 0.492 arcsec, corresponding to the ACIS CCD pixel
size. Exposure maps for the softer and harder X-ray im-
ages were calculated at intermediate energies of 4.5 keV
and 6.35 keV, respectively. At first glance, we can see
6.2–6.5 keV emission elongated in a northwest-southeast
direction (Figure 1(b)). Such can be seen also in the
3.0–6.0 keV image (Figure 1(a)).
4.1.2. Spatial distribution of Fe-Kα emission
We revealed extended Fe-Kα emission by removing
unresolved nuclear emission, which spreads by a point
spread function. The nuclear image was created by sim-
ulating observations where the nuclear emission only ex-
isted. Our simulations were made using a Monte-Carlo
simulator of the MARX software (ver. 5.3.3; Davis et al.
2012), which generates photons and projects them onto
a detector plane while taking account of the mirror and
detector responses.
We determined the input nuclear emission spectrum
by extracting its component from a spectrum in an an-
nulus between 1 and 2 arcsec (Figure 1(b)). Therein,
the pile-up effect was negligible. A background spec-
trum was estimated from a blank 50 arcsec radius cir-
cle located in the same CCD. The 0.5–7.0 keV spec-
trum was fitted with absorbed and un-absorbed power-
law components, two Gaussian functions (zgauss in
XSPEC terminology) for the 1.74 keV Si-Kα and 6.4
keV Fe-Kα lines, and an optically-thin thermal com-
ponent (i.e., the apec model in XSPEC). By consid-
ering poor photon statistics, the photon indices of the
power-law components were fixed to 1.65, a canonical
value suggested from past studies of NGC 2110 (e.g.,
Evans et al. 2007; Kawamuro et al. 2016). Also, be-
cause of the CCD poor energy resolution, we fixed the
line widths at 0.1 eV. Adopting a width smaller than
those constrained by Chandra grating observations (i.e.,
≈ 2300 km s−1; Shu et al. 2010) did not affect our
result. The best-fit model was determined based on
the C-statistic (Cash 1979), appropriate even for low
photon statistics. Goodness of fit was examined by fol-
lowing the procedure given in Kaastra (2017). The ex-
pected C-statistic value (Cexp) and variance (Cvar) from
a model was compared with an observed value (Cobs). A
model would be acceptable at the 90% confidence level if
Cobs < Cexp+1.28×
√
Cvar (Kaastra 2017). Eventually,
we obtained the best-fit model with Cobs/Cexp/Cvar =
356/472/29. A good agreement between the data and
best-fit model is found in Figure 2. The resultant pa-
rameters are summarized in Table 1. An observed flux
at 2–10 keV, where the absorbed power-law component
is dominant, is 2.3 × 10−11 erg cm−2 s−1, and the in-
trinsic luminosity of the absorbed power-law component
at 2–10 keV was 4× 1042 erg s−1, which is within those
measured previously (e.g., Marinucci et al. 2015). The
equivalent width of the Fe-Kα line was 152+141
−107 eV, con-
sistent with those previously measured for NGC 2110 by
Marinucci et al. (2015) as well as those typical in moder-
4 Kawamuro et al.
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Figure 1. (a,b) X-ray images at 3.0–6.0 keV and 6.2–6.5 keV within the central ≈ 14×14 arcsec2 region. The size of each
pixel is 0.0625×0.0625 arcsec2, and adaptive smoothing was performed with a Gaussian kernel with FWHM = 0.492 arcsec. In
(a), the pixels with pile-up fractions larger than 5% are enclosed by the gray solid line. In (b), the inner annulus between 1
and 2 arcsec was used to estimate the nuclear X-ray emission (Section 4.1.2), and on the outside, the four fan-shaped regions
between 2 and 5 arcsec with an angle of 90 degrees were defined to extract spectra of extended X-ray emission (Section 4.1.3).
(c) Ratios between the 6.2–6.5 keV and 3.0–6.0 keV images from which un-resolved nuclear emission was subtracted. The size
of the region is the same as those of (a) and (b). Original images before calculating the ratios had a pixel size of 0.49×0.49
arcsec2. Adaptive smoothing with a Gaussian kernel with FWHM = 1.0 arcsec was made after the calculation. Each of the
figures has a magenta or white star at the 3–7 keV peak.
ately obscured AGNs (e.g., 30–500 eV; Kawamuro et al.
2016).
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Figure 2. X-ray spectrum (black crosses) extracted from
an annulus between 1 and 2 arcsec and the best-fit model
(black solid line). An absorbed power-law component (blue
dashed line), 1.74 keV Si-Kα line (blue dotted line), and
6.4 keV Fe-Kα one (blue dot-dashed line) were assumed to
come from the unresolved central X-ray source. Addition-
ally, an un-absorbed power-law (black dot-dashed line) and
the optically-thin thermal emission (apec; black dashed line)
were fitted to mainly reproduce soft X-ray emission. The
lower data represent the residuals.
From the best-fit spectral components, we defined the
sum of the absorbed power-law and two emission lines
as the nuclear emission. The other components (i.e., the
un-absorbed power-law emission and the thermal emis-
Table 1. Best-fit parameters of the annulus spectrum
Parameter Best-fit Units
(1) NH 4.0
+0.7
−0.6 10
22 cm−2
(2) Γ 1.65
(3) Nabs
PL
6.3+0.6−0.5 10
−3 photons keV−1 cm−2 s−1
(4) Nun−abs
PL
0.51 ± 0.14 10−3 photons keV−1 cm−2 s−1
(5) kT 0.57+0.18−0.23 keV
(6) Napec 1.8
+0.09
−0.08 10
−4
(7) NFe−Kα 46
+26
−22 10
−6 photons cm−2 s−1
(8) NSi−Kα 69
+19
−18 10
−6 photons cm2 s−1
(9) F2−10 keV 2.3 10
−11 erg cm−2 s−1
(10) L2−10 keV,PL 3.7 10
42 erg s−1
(11) Cobs/Cexp/Cvar 356/472/29
Note— Rows: (1) Hydrogen column density in the sightline. (2) Pho-
ton index of the absorbed and un-absorbed power-law components. The
value was fixed. (3,4) Normalizations of the two power-law compo-
nents at 1 keV. (5,6) Temperature and normalization of the apec model
(see https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node134.html
for more details). (7,8) Normalizations of the Gaussian models (zgauss)
for the Fe-Kα and Si-Kα emission. (9) Observed flux at 2–10 keV, where
the absorbed power-law component is dominant. (10) Intrinsic luminosity
of the absorbed power-law component at 2–10 keV. (11) C-statistic values.
sion) would largely include in-situ emission given that
they were un-absorbed. Indeed, if a component is from
the nucleus, it should be absorbed by the sightline ob-
scuration.
With the defined spectrum, we simulated Chandra
imaging observations. The source position was set to the
3–7 keV peak (magenta stars in Figure 1). The other
parameters necessary for the simulation were set so as
to reproduce the ObsID = 883 observation. To mitigate
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Figure 3. (a) Comparison between observed (blue) and simulated (black) radial profiles of the surface brightness in units of
counts pixel−2 at 3.0–6.0 keV. The black solid and dashed lines show those without and with the pile-up effect, respectively.
(b) Same as (a), but for the 6.0–7.0 keV band.
uncertainty of each Monte-Carlo simulation result, we
created 1000 images, and took their average.
The validity of our simulation was examined by com-
paring the radial profiles of the observed and simulated
images. Figure 3 shows broad consistency between the
profiles, or the images. Although a factor of ∼ 2 dif-
ference was seen in the innermost pixels, this would be
due to incompleteness of the simulation software as was
remarked by the developers23. Because the simulated
profile did not exceed the observed one significantly at
any radii and energies, we concluded to proceed with
the above simulation results.
At last, in Figure 1(c) we show the ratios between 6.2–
6.5 keV and 3.0–6.0 keV images from which the nuclear
emission was subtracted. The ratio is a proxy of the
equivalent width (EW) of the Fe-Kα line. The X-ray
photons were sampled at a larger pixel size of 0.49×0.49
arcsec2 to increase S/N ratios. Particularly in the 3.0–
6.0 keV image, we excluded pixels with counts smaller
than 2, corresponding to ≈ 1σ level for the mean value
of 0 counts (Gehrels 1986). This was made to avoid ex-
treme ratios due to quite low photons in the 3.0–6.0 keV
image. Exposure maps were created in the same way as
for the previous images. The image of the ratios was
smoothed with the Gaussian kernel with FWHM = 1.0
arcsec. We can see a structure extending preferentially
in a northwest-southeast direction out to ≈ 3 arcsec, or
2 https://space.mit.edu/cxc/marx/tests/index.html
3 As a possibility for the discrepancy, one might suggest that
we missed a fraction of the nuclear emission. For example, the
inclusion of the other components (i.e., the un-absorbed power-law
emission and/or the thermal emission) was however not preferred.
If we take them into consideration, the simulation yields a profile
larger than the observed one at larger radii. Another idea was
that our simulation underestimated photons which were produced
as the result of piled softer photons. However, if we consider a
more soft-X-ray luminous spectrum, the simulated profile largely
exceeds the observed one below 3 keV.
∼ 500 pc, on each side. We caution that the ratio image
changes depending on the significance criterion imposed
on the 3.0–6.0 keV image. However, the extended mor-
phology can be seen generally in most cases. Also, we
emphasize that the result is consistent with the model-
independent image of Figure 1(b) and is confirmed by
the spectral analysis below.
4.1.3. Spatially resolved X-ray spectral analysis
We confirmed the un-isotropic extended Fe-Kα emis-
sion suggested from Figure 1 by spatially-resolved spec-
tral analysis. We focused on four fan-like sub-regions,
outlined in Figure 1(b). They were referred to as NW,
SW, SE, and NE, depending on their directions from
the nucleus. Starting from north, the fan-like regions
were defined to have an angle of 90 degrees. Their inner
and outer radii were 2 arcsec and 5 arcsec, respectively.
A background spectrum was estimated from a blank 50
arcsec radius circle located in the same CCD. The spec-
tra were binned so as to have at least one count at each
bin. Two different types of response files for the in-situ
emission and the nuclear emission were generated using
the CIAO tool specextract.
While taking account of the nuclear emission (the sum
of the blue lines in Figure 2) as a fixed component,
we fitted the spectra with a power-law and a Gaus-
sian function, reproducing continuum emission and the
Fe-Kα line, respectively. The line width was fixed at
0.1 eV. Therefore, the normalization and photon index
of the power-law component and the normalization of
the Gaussian function were left as free parameters. The
spectra folded by the response functions and their best-
fit models are shown in Figure 4. The parameters are
summarized in Table 2.
An important point is the significant detection of the
Fe-Kα emission lines only in the NW and SE regions.
The difference in Cobs between the models with and
without the line was found ∼ 12 in the NW and SE
cases, suggesting the high significance. This was not
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Table 2. Best-fit parameters of the four sub-regions spectra with the power-law and Gaussian models
NE NW SE SW
(1) Γ −1.3+1.4
−1.6
1.0+0.9
−0.8
1.2+1.0
−0.9
−4.1+1.9
−3.3
(2) NPL 0.12
+0.96 7.0+15.4
−4.9
8.0+21.4
−5.9
0.0010+0.0253 10−6 photons keV−1 cm−2 s−1
(3) NFe−Kα 0.12
+4.86 16+7
−6
15+7
−6
0.96+5.28 10−7 photons cm−2 s−1
(4) EWFe−Kα — 1.5
+2.1
−1.0
1.6+2.6
−1.1
— keV
(5) Cobs/Cexp/Cvar 126/160/14 105/154/14 104/143/13 101/161/15
Note— Rows: (1,2) Photon index and normalization at 1 keV of the power-law component. (3) Normalization of the Gaussian model (zgauss),
reproducing the Fe-Kα emission. (4) Equivalent width of the Fe-Kα emission. (5) C-statistic values.
the case in the NE and SW regions. The ratio between
the sum of the NW and SE extended components and
the unresolved nuclear one was estimated to be ∼ 7%.
The EWs in the NW and SE regions were found 1.5–1.6
keV. One might be confused by the EWs, because such
high EWs were observed often in Compton-thick AGNs
(Ricci et al. 2015; Tanimoto et al. 2018) but NGC 2110
hosts just a lightly obscured AGN with NH ∼ 1022
cm−2 (Marinucci et al. 2015). As later detailed in Sec-
tion 5.1, the high EWs can be because we just see only
reflected emission without transmitted emission. In this
case, such high EWs can be reproduced with various col-
umn densities (e.g., see the right panel of Figure 14 of
Ikeda et al. 2009). This is natural given that we focus
solely on the extended components. Instead, the ob-
served EW from the much brighter nuclear component
(≈ 150 eV in Section 4.1.2 and Figure 2) is better to be
compared with those generally obtained, or those from
spatially un-resolved spectra. In the case, that is con-
sistent with those of moderately obscured AGNs with
NH = 10
22−24 cm−2 (e.g., 30–500 eV; Kawamuro et al.
2016).
We further fitted a reflection model of the Ikeda torus
model (Ikeda et al. 2009) to the spectra in the NW and
SE regions, where the Fe-Kα emission was significantly
detected. By this analysis, it was possible to roughly es-
timate a column density along the propagating path of
the nuclear X-ray emission. The torus model calculated
spectra from a spherical structure with a bi-conical gas-
free region irradiated by a central point source with a
power-law spectrum. The photon index of the power-
law spectrum was fixed to 1.65 (e.g., Evans et al. 2007;
Kawamuro et al. 2016). The half opening angle and our
inclination angle from the polar axis were by default set
to 60 degrees and 30 degrees. Different choices of the
parameters did not affect our conclusion. Free parame-
ters left were the normalization of the power-law compo-
nent and the column density in the equatorial plane. By
adopting the C-statistic method, we got acceptable fits
(i.e., Cobs < Cexp +1.28×
√
Cvar) for both the NW and
SE spectra. The obtained parameters are summarized
in Table 3. The column densities were found ∼ 1023
cm−2 at most.
4.2. ALMA data analysis
In the following two subsections, first we show basic
pieces of information on the CO(J = 2–1) line, and then
we present its geometrical and kinematic properties.
4.2.1. Basic properties of CO(J = 2–1) emitting gas
The ALMA data was reduced via the Common As-
tronomy Software Applications (CASA) (McMullin et al.
2007) with ver. 4.2.2, the same as in the Quality Ver-
ification by the ALMA Regional Center, and then was
analyzed via the CASA with ver. 5.1.1. To extract
the data of CO(J = 2–1) emission, continuum level
was determined by fitting line-free channels with the
1st-ordered function, and was subtracted from the data
cube via the task uvcontsub. The product was then de-
convolved by the clean task with the Briggs-weighting
with robust = 0.5 and gain = 0.1. The achieved syn-
thesized beam was 0.52 × 0.83 arcsec2 with P.A. =
−75.17 degrees. The channels were binned so that the
velocity resolution was ≈ 10 km s−1. The primary
beam image correction was made via impbcor. The
final continuum-subtracted data had a RMS noise of
0.76 mJy beam−1. This was estimated from the CO
emission-free channels. The moment 0, 1, and 2 maps
of the CO(J = 2–1) line were made, and are shown in
Figure 5. The zeroth moment was calculated over the
VLSR range of 1900–2800 km s
−1. The other moment
maps were calculated with 5σ clipping in the same VLSR
range. Continuum emission was also mapped by the
clean task (Figure 6). The achieved synthesized beam
was 0.49 × 0.81 arcsec2 with P.A. = −73.80 degrees.
The center of the nuclear component was estimated to
be (R.A., Dec. = 5h52m11.377s, −7d27m22.492s) by
fitting a single Gaussian function through the imfit
task.
4.2.2. Geometrical structure and kinetic properties of CO
gas
We revealed a three-dimensional structure of the
CO(J = 2–1) emitting gas disk to finally estimate a
molecular gas volume density, essential to discuss the
ionization state of the molecular gas. We reconstructed
the structure by fitting a model of concentric tilted rings
to the observed velocity field. Then, the rotation ve-
locity and velocity dispersion were available from the
model. With these, we derived the scale heights, or the
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Figure 4. X-ray spectra (black crosses) extracted from the four fan-like regions defined in Figure 1(b). The best-fit models
(solid line) were determined by fitting the contaminating X-ray emission from the nuclear point source (dotted gray line) and
the extended emission of interest (blue dashed line), consisting of a power-law and Fe-Kα emission (blue dot-dashed line). The
lower data represent the residuals.
Table 3. Best-fit parameters of the two sub-regions spectra with the torus
models
NW SE
(1) Γ 1.65 1.65
(2) NPL 1.5
+5.0
−0.8
1.9+4.3
−1.2
10−3 photons keV−1 cm−2 s−1
(3) Neq
H
4.6+6.8 3.0+7.2 1022 cm−2
(4) EWFe−Kα 1.6 1.9 keV
(5) Cobs/Cexp/Cvar 105/154/14 105/143/13
Note— Rows: (1,2) Photon index and normalization at 1 keV of the power-law component. The photon index was fixed. (3) Hydrogen column
density in the equatorial plane. (4) Equivalent width of the Fe-Kα line. (5) C-statistic values.
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Figure 5. (a) Moment 0 map of the CO(J = 2–1) line in units of Jy beam−1 km s−1. This was created in the range VLSR =
1900–2800 km s−1. The contour levels are 5σ, 10σ, 15σ, and 20σ, where σ is 0.073 Jy beam−1 km s−1. (b) Moment 1 map in
units of km s−1, where the contours represent the VLSR with steps of 50 km s
−1 from 2086 km s−1. (c) Moment 2 map in units
of km s−1 with the contours separated by 10 km s−1. The beam size (bottom-left filled ellipse) is 0.52×0.83 arcsec2 with PA
= −75.17 degrees. In all figures, the region is the central ≈11×11 arcsec2, and the white cross is located at the center of the
continuum emission (R.A., Dec. = 5h52m11.377s, −7d27m22.492s).
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Figure 6. Continuum intensity map in units of mJy
beam−1 with contours of 5σ, 15σ, and 45σ, and 135σ, where
σ is 0.030 mJy beam−1. The beam size (bottom-left filled
ellipse) is 0.49×0.81 arcsec2 with PA = −73.80 degrees. The
white cross is located at the center of the continuum emission
(R.A., Dec. = 5h52m11.377s, −7d27m22.492s).
thicknesses of the rings. Combined with an observed gas
surface density, those eventually permitted an estimate
of the molecular gas volume density, used to calculate
ionization parameters in Section 5.2.
A fit of the concentric titled rings to the observed
CO(J = 2–1) data was made by adopting the 3D Barolo
code (Di Teodoro & Fraternali 2015). This code takes
account of beam-smearing of an intrinsic structure. The
main seven parameters are the dynamical center, sys-
temic velocity (Vsys), thickness of the ring, rotation ve-
locity (Vrot), velocity dispersion (σdis), angle between
the polar axis and our sightline (i), and P.A. (φ), which
can be determined in each of the rings. The P.A. is
defined as an angle from north to the major axis of
the receding half component in the anti-clockwise di-
rection. The first three parameters were fixed. The
dynamical center was set to the radio continuum one,
as determined in Section 4.2.1. The systematic veloc-
ity was set to 2335 km s−1. The thickness of each
ring was fixed at 0.5 arcsec (≈ 80 pc) to be consis-
tent with scale heights derived from the resultant ro-
tation velocity and velocity dispersion. We then fit-
ted the remaining four parameters by starting from
initial guesses. We set i = 65 degrees as the initial
guess in all the rings. A similar value was adopted by
Ramakrishnan et al. (2019), who also studied a kine-
matic structure of CO(J = 2–1) in NGC 2110. The
adopted angle is larger than i = 53 degrees, which was
inferred from an observed aspect ratio between the ma-
jor and minor axes of a Hα+[N II] emission distribu-
tion (e.g., Wilson & Baldwin 1985) and was sometimes
adopted in past studies (e.g., Gallimore et al. 1999).
It is however not necessary to follow it, given that the
Hα+[N II] distribution may be disturbed by the nuclear
emission. Also, if the thickness of the morphology can-
not be ignored, a larger angle is more plausible. Fi-
nally, our choice (i = 65 degrees) was made because we
obtained a rotation curve that monotonously increased
with radius, whereas we were not able to obtain such a
curve with the smaller one (i = 53 degrees). However,
we note that even if we adopt i = 53 degrees, we can get
a result that does not affect our conclusion, or the esti-
mates of the scale heights. The other three parameters
were adjusted so that Vrot and σdis continuously changed
across the rings. We determined the free parameters ev-
ery 0.25 arcsec from the starting point at 0.75 arcsec,
given the beam size of 0.52 × 0.83 arcsec2. The inner-
most part (≤ 0.5 arcsec) was not considered because of
the weak CO(J = 2–1) emission. Our fit took account of
channels in the velocity range 1900 km s−1–2800 km s−1
with significance larger than 5σ (= 3.8 mJy beam−1).
The Momonet 1 map of our ring model and residuals
against the observed one are seen in Figure 7(a) and (b),
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Figure 7. (a) Model moment 1 map of the CO(J = 2–1) emission, where the contours represent the VLSR with steps of 50
km s−1 from 2086 km s−1. (b) Difference between the observed and modeled moment 1 maps.
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Figure 8. (a) Position-velocity diagrams along position
angle of 150 degrees. The model is indicated by the blue
contours, while the observed data by the black ones. The
contour levels are 1σ, 3σ, 5σ, and 7σ, where σ is 0.76 mJy
beam−1. A significant (∼ 7σ) non-rotating motion with 2600
km s−1, or with an excess velocity of 100 km s−1, is seen
around −3 arcsec. (b) Same as (a), but for the position
angle of 60 degrees.
respectively. Generally, we can see good agreement, ex-
cept for a southeast red component, as is also seen at ≈
7σ in a position velocity diagram of Figure 8(a). Note
that the diagrams in Figure 8 were created by averaging
pixels in slits with 2.5 arcsec width perpendicular to di-
rections of φ = 150 degrees and φ = 60 degrees. The for-
mer angle was selected to show the significance of the red
component, while the latter was adopted to just show
the perpendicular diagram. Interpretation of the red
component in excess of ∼ 100 km s−1 is ambiguous; this
may be a high-velocity inflow deviating from an outer
rotating disk, or may be an outflow driven by the nuclear
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Figure 9. (a) Rotation velocity, velocity dispersion, and
their ratio as a function of radius from the radio continuum
center. (b) Angle between the polar axis and our sightline
and position angle as a function of radius from the radio
continuum center.
radiation. Note that the jet is less likely to be associated
with the flow, given its south-north axis (Figure 6). The
flux density integrated between 2590–2640 km s−1 in a
1.5 arcsec circular region was 1.3 Jy km s−1. By adopt-
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ing Equation (1) in Rosario et al. (2019), the molecular
gas mass was estimated to be ∼ 106 Msun. Given the
physical extension of ∼ 3 arcsec, or 500 pc, the char-
acteristic flow rate was calculated to be ∼ 0.2 Msun
yr−1. Note that the equation we considered was the
same as for a thin shell-like geometry (i.e., Equation (4)
of Maiolino et al. 2012).
The parameters given by our model are seen as a func-
tion of radius from the radio continuum center in Fig-
ure 9. The ratios between the rotation velocity and ve-
locity dispersion were ≈ 0.05–0.15 in the range 160–640
pc. Therefore, the thicknesses, ≈ 2× the scale heights,
were estimated to be within ∼ 50–110 pc. This range is
consistent with the assumed thicknesses (i.e., 80 pc) of
the rings.
5. DISCUSSION
Our discussion is made along with Figure 10, which
shows a detailed geometrical structure of the CO(J =
2–1) emission and our schematic pictures within the cen-
tral ≈ 1.3 kpc of NGC 2110.
5.1. Extended Fe-Kα emitting region and nuclear
obscuration
Based on Figure 1(b) and (c), we have suggested that
the Fe-Kα emission is spatially collimated and extends
in a northwest-southeast direction out to ∼ 3 arcsec (∼
500 pc) on each side (Figure 1). This was also indicated
by the spatially-resolved spectral analysis (Figure 4).
To discuss the physical origin, the EW of the Fe-
Kα emission is useful. As listed in Table 3, those in
the northwest and southeast regions are as high as ≈
1.5 keV. We caution that they do not include the un-
resolved nuclear emission and are derived from the ex-
tended components. Such high EWs can be explained
by X-ray irradiation of ambient gas. In the case, a direct
photo-ionizing X-ray source is not seen in the sightline
and only the reflected X-ray emission is seen, thus favor-
ing a high EW (∼ 1 keV; e.g., Nobukawa et al. 2010).
It would be fine to rule out another idea that the Fe-
Kα emission is the result of the scattering of the nuclear
emission. This is because the emission line should be ac-
companied by stronger continuum emission as is seen in
un-obscured AGNs (∼ 200 eV; Ricci et al. 2014a,b), fa-
voring a lower EW. Also, the collisional ionization would
be unlikely as the primary process because a lower EW is
expected due to strong bremsstrahlung emission under
the line (e.g., Nobukawa et al. 2010).
The nuclear emission likely plays a major role in the
irradiative process, compared with emission from the
jet. Although the beamed X-ray emission from the jet
may be more energetic (e.g., Weaver et al. 1995) and
its un-isotropic emission can naturally reproduce a col-
limated structure, its contribution would be rather mi-
nor. The north-south axis of the jet (Ulvestad & Wilson
1983; Nagar et al. 1999) is different from that seen for
the Fe-Kα emission (Figure 10).
Given that the nuclear X-ray emission is more or less
isotropic (e.g., Liu et al. 2014), a collimating structure
is needed to be consistent with the observed morphol-
ogy. A putative AGN torus is a plausible one (e.g.,
Urry & Padovani 1995). Its presence was inferred from
past optical and NIR observations (e.g., Rosario et al.
2010; Diniz et al. 2015, 2019). Rosario et al. (2010)
showed that optical emission from ionized atoms (i.e.,
Hα+[N II] and Hβ+[O III]) extends preferentially in a
northwest-southeast direction with P.A. ∼ −35 degrees
(Figure 10(b)). Similar morphologies can be seen at NIR
hydrogen emission lines (e.g., Brγ and Paβ; Diniz et al.
2015, 2019). Thus, as depicted in Figure 10(b), we sug-
gest that the nuclear X-ray emission is also collimated
by the same torus structure as the emission lines in the
optical and NIR bands. Note that the X-ray emission
may widely irradiate the ambient gas than the longer
wavelength emission given the higher penetrating power.
5.2. Spatial distributions of Fe-Kα and CO(J = 2–1)
emission and XDR model
The Fe-Kα emission is spatially compared with the
CO(J = 2–1) emission in Figure 11. Their spatial anti-
correlation is seen; the CO emission is stronger in the
northeast and southwest islands, whereas the Fe-Kα
emission is bright in the northwest and southeast di-
rections (see Section 5.1).
We quantitatively discuss the physical origin of the
anti-correlation, while referring to an XDR model
(Maloney et al. 1996). The model considered gas illumi-
nated by power-law X-ray emission. The key parameter,
which determines fractional abundances of atomic and
molecular gas species (see their Figure 3), is the effective
ionization parameter, calculated as
ξeff ≃ 0.1
L44
n4R2100N
α
H,22
, (1)
where L44, n4, R100, NH,22, and α represents the 1–100
keV luminosity in units of 1044 erg s−1, the hydrogen
molecular gas density in units of 104 cm−3, the distance
the X-ray source in units of 100 pc, the column density
of the gas in units of 1022 cm−2 that attenuates the inci-
dent X-ray flux, and an X-ray photon index dependent
value, respectively. The last factor (α) is specifically
expressed as α = (Γ+2/3)/(8/3), taking account of the
fact that softer spectra are more heavily extincted.
Un-absorbed 2–10 keV luminosity was estimated in
various epochs, and varied within 0.4–3.5×1043 erg
s−1(Marinucci et al. 2015). That corresponds to a 1–
100 keV luminosity range 2–15×1043 erg s−1, where a
photon index of 1.65 is assumed. Note that this index
corresponds to α ≈ 0.87. The density of the molecu-
lar hydrogen gas is estimated to be 120–270 cm−3 by
adopting a hydrogen molecular gas surface density of
650 M⊙ pc
−2 in the central region with faint CO(J
= 2–1) emission between the east and west CO islands
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Figure 10. (a) Geometrical configuration of the CO(J = 2–1) rings in the central ≈ 1.3 kpc of NGC 2110. The innermost and
outermost rings correspond to those with radii of 0.75 arcsec and 3.75 arcsec, respectively. (b) Spatial comparison between the
radio jet (solid purple lines; Ulvestad & Wilson 1983; Gallimore et al. 1999), the Hα+[N II] (red shaded regions) and Hβ+[O III]
(green shaded regions) emission (Rosario et al. 2010), the X-ray irradiating regions (blue dashed lines), and CO(J = 2–1) rings
(black solid lines). Regarding the Hα+[N II] emission, darker red indicates brighter emission. An obscuring torus, speculated
from the morphologies of the ionized regions, is also indicated in the center. For clarity, the thicknesses of the CO rings are
omitted. (c) Speculated innermost region seen from the East direction.
(Rosario et al. 2019) and the disk thickness (≈ 50–110
pc). The distance R100 is 4.8, corresponding to 3 arc-
sec. Given that distance and the density range, NH
∼ 3×1023 cm−2 are expected, where we assume the uni-
form gas density distribution. This is close to the upper
bound of those from the spectral fittings in Section 4.1.3
(i.e., NH < 10
23 cm−2). As a result, the ionization pa-
rameters in NW and SE are conservatively calculated to
be log ξeff > −2.4.
Based on the XDR model by Maloney et al. (1996),
we can suggest some mechanisms, which suppress CO(J
= 2–1) emission at the above-estimated ionization pa-
rameters. (1) The abundance of CO molecules is de-
creased due to dissociation by the charge exchange with
He ions produced by the direct X-ray ionization. Such
dissociation takes place also by Far-UV photons pro-
duced as the result of collision between photo-electrons
and hydrogen species. (2) Hydrogen molecules are de-
stroyed due to X-ray-produced photo-electrons. Given
lower rotational-excitation efficiency of CO by H than
by H2 (Green & Thaddeus 1976), that would also con-
tribute to the weakness. (3) if achieved, a super-thermal
CO population due to additional X-ray heating may also
make a contribution. Note that one might consider a low
line opacity of CO(J = 2–1) as the cause of the weak-
ness. This can be achieved if J = 2 level is populated
by few CO molecules, but would be unlikely because J
= 2 level can be populated by many CO molecules in
energetic circum-nuclear regions due to the low energy
gap between J = 2 and J = 1. In summary, via the
above three ways, the X-ray emission can weaken the
CO(J = 2–1) emission.
To conclude what mechanism is at work, observing
other lines is desired. For example, a [C I] line ob-
servation will be useful to examine the CO dissocia-
tion scenario by constraining the [C I]/CO line ratio.
To discuss the H2 dissociation, we need to estimate
the amount of H2 by a non-CO based method. One
way is to utilize rotational quadrupole transition of H2
(Togi & Smith 2016). High sensitive spatially-resolved
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Figure 11. Ratio between the 6.2–6.5 keV and 3.0–6.0 keV
images (color), a proxy of the Fe-Kα line EW, and the CO(J
= 2–1) velocity-integrated intensity map (cyan), drawn at
the same levels in Figure 5(a). The white star is located at
the 3–7 keV peak.
MIR spectroscopy by JWST/MIRI will be powerful for
the estimate. The last super-thermal scenario will be
investigated by observing CO at higher J levels.
We note a discrepancy between an XDR prediction
and a suggestion by Rosario et al. (2019), who also stud-
ied molecular gas in NGC 2110. The XDR model pre-
dicts dissociation of an amount of hydrogen molecules
into atoms in the NW and SE regions. By contrast,
based on Spitzer/IRS spectroscopy data, Rosario et al.
(2019) suggested the presence of H2 gas with a sur-
face density (> 180 Msun pc
−2) comparable to that
in the surrounding CO bright regions (∼ 200-350 Msun
pc−2), disfavoring the dissociation. Further discussion
would need JWST/MIRI, if we follow the measurement
method of Rosario et al. (2019). Briefly, they first deter-
mined a power-law temperature distribution consistent
with observed H2 populations at different excitation lev-
els. They then derived the surface density while taking
account of H2 populations down to 50 K. This deriva-
tion is sensitive to the intensity at the lowest permitted
rotational (quadrupole) transition of H2 0–0 S(0). How-
ever, only an upper-limit was obtained for the transition.
Thus, its exact intensity constrained by MIRI is desired
for further discussion.
5.3. Geometrical structures inferred from comparison
between CO(J = 2–1) emission and optical one
We note our serendipitous finding in Figure 10 that
the distribution of the Hα+[N II] emission, drawn based
on Figure 3 in Rosario et al. (2010), looks like following
some of the CO(J = 2–1) tilted rings obtained in Sec-
tion 4.2.2. This may be a natural consequence of the
irradiation by the nuclear source. Given the canonical
definition of the ionization parameter (i.e., ∝ L/nR2,
where L, n, and R are the luminosity, density, and dis-
tance, respectively), an ionized region can extend up to
a distance under a uniform gas distribution, consistent
with the observed. Such was already argued in the past
(e.g., Diniz et al. 2015). However, we emphasize that
our constraint on the three-dimensional structure of the
CO gas makes that picture clearer.
Also, we remark that from the configuration of the
CO gas and ionized gas, it is possible to estimate an an-
gle between our sightline and the polar axis of the ion-
ization cone, or that of the torus. Rosario et al. (2010)
suggested that the southern [O III] emission fainter than
the northern one was due to dust extinction. Under the
assumption that the dust distributes similarly to the
molecular gas, it is suggested that the southern (the
northern) polar axis of the ionization cone is prefer-
entially located behind (before) the southern (north-
ern) gas rings (Figure 10(c)). To accomplish such a
configuration, the angle is required to be . 30 de-
grees. The AGN torus may have a half-opening an-
gle of ≈ 37 degrees, as estimated from its Eddington
ratio (logλEdd ∼ −2; Kawamuro et al. 2016) and a
correlation between the Eddington ratio and the half-
opening angle (Ricci et al. 2017). These results suggest
that we see the nucleus almost at an intermediate an-
gle between the obscuring torus and a region with less
obscuration. Because of this angle, we may have often
observed column-density variability and various obscur-
ing components in the X-ray band (Rivers et al. 2014).
6. SUMMARY
We have analyzed high-angular resolution (∼ 0.5 arc-
sec) Chandra and ALMA data of an obscured AGN host
of NGC 2110 to investigate AGN X-ray irradiation ef-
fects on the surrounding ISM. Our findings are summa-
rized as follows.
• An ∼ 7% of the Fe-Kα emission was spatially re-
solved by Chandra and extends preferentially in a
northwest-to-southeast direction out to ∼ 3 arcsec
(Figure 1(c) and Section 5.1). The EWs of the
Fe-Kα emission in the NW and SE regions were
∼ 1.5 keV (Figure 4 and Table 2), high enough to
indicate X-ray irradiation as the physical origin.
• The tentative spatial anti-correlation between the
Fe-Kα and CO(J = 2–1) emission was found (Fig-
ure 11).
• The anti-correlation was discussed based on the
ionization parameter defined in the XDR model
(Section 5.2). The derived parameters predict
some mechanisms at work that weaken the CO(J
= 2–1) emission. The CO and/or H2 molecules
may be dissociated due to X-ray emission. Also,
CO molecules may be super-thermalized by X-ray
X-ray irradiation of CO gas in NGC 2110 13
emission, making the low rotation level J = 2–
1 line weak. Follow-up observations of other lines
(e.g., [C I], H2 0-0 S(0), and higher-J CO lines) will
be helpful for further discussion. As a final goal,
such studies would lead to discussion on whether
the X-ray irradiation eventually affects the sur-
rounding star formation as an AGN feedback.
• Based on the geometrical structures of the molecu-
lar gas disk and the ionized regions, it was inferred
that the polar axis of the ionization field, or the
torus, is inclined by an angle . 30 degrees (Sec-
tion 5.3 and Figure 10(c)).
In the future, sub-arcsec resolution observatories
with larger effective areas (i.e., AXIS and Lynx ;
Reynolds & Mushotzky 2017 and Gaskin et al. 2018)
will be launched. In such an era, they will enable
us to more clearly map the Fe-Kα line distribution of
NGC 2110. Also, it will be possible to discuss XDRs in
distant, more luminous AGNs, which have potential to
more largely affect the surrounding ISM.
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